• AIM: To investigate protective effects of a novel recombinant decoy receptor drug RC28-E on retinal damage in early diabetic rats.
INTRODUCTION

D
iabetes mellitus (DM) threatens the public health with the rising prevalence around the globe. Diabetic retinopathy (DR), one of the servere microvascular complications of DM [1] , is the leading cause of blindness in the working age population [2] . Thus far, the majority of therapeutic modalities to DR have focused on symptom relief. For example, laser therapy prevents dramatic deterioration in visual function, yet hardly improves visual acuity and generates damage in neuroretina [3] . Glucocorticoid drugs can alleviate diabetic macular edema caused by breakdown of blood-retinal barrier (BRB) and retinal vessel leakage, however they may cause adverse effects such as cataract, elevated intraocular pressure [4] [5] and endophthalmitis. In addition, surgeries like vitrectomy are traumatic, and their efficacies on restoring visual functions are not satisfactory [6] . Therefore, it is necessary to develop a novel, effective, and safe therapeutic modality based on the pathogenesis of DR. Up to now, vascular endothelial growth factor (VEGF) is considered as an important proinflammatory, proangiogenic, and vascular permeability factor in the pathogenesis and development of DR [7] , and its protein levels were elevated in the vitreous fluid of the diabetic patients [8] . Emerging ophthalmic drugs thus target this pathogenic factor. For instance, ranibizumab is an Fab fragment of a humanized monoclonal antibody to VEGF [9] , and conbercept is a recombinant decoy receptor that fuses human IgG1 Fc with the Fab fragment containing domain 2 of VEGF receptor 1 (VEGFR1) and domains 3 and 4 of VEGFR2 [10] . However, the main problems incurred by the anti-VEGF drugs include more than 50% non-response rate and rapid drug resistance [6, 11] , indicating that the factors besides VEGF might also be responsible for DR pathogenesis. Previous studies have suggested that fibroblast growth factor 2 (FGF2) expression is upregulated both in the retinas of diabetic animals [12] [13] [14] and in the vitreous samples of diabetic patients [15] [16] . At the cellular and molecular level, FGF2
acts as a potent mitogen for vascular endothelial cells [17] , and exerts a synergistic effect on biological activities of VEGF [18] . Furthermore, numerous studies have implicated that simultaneous targeting on VEGF and FGF2 may be more efficacious in treating angiogenesis-related diseases [19] [20] .
Based on this rationale, a novel recombinant decoy receptor drug, designated as RC28-E (Remegen, Ltd., Yantai Biopharm aceutical company, China), that can bind both VEGF and FGF2 with high affinity and specificity. The Fab fragment of RC28-E contains domain 2 of VEGFR1, domain 3 of VEGFR2, as well as domains 2 and 3 of FGFR1 [21] . The antiangiogenic effects of RC28-E have been confirmed both in vascular endothelial cells and in xenograft tumor model [21] .
Therefore, it is hypothesized that RC28-E may generate protective effects on early diabetic retina by dual blockade of VEGF and FGF2. To test this hypothesis, RC28-E was intravitreally injected into streptozotocin (STZ)-induced early diabetic rats, 6wk following the diabetic induction, the apoptosis of retinal vessels, the activation of retinal glial cells, the BRB breakdown, the ultrastructural changes in retinal and choroidal vessels, and the expression of proinflammatory factors were examined. In the meanwhile, VEGF Trap, a decoy receptor of VEGF that has already been used in the clinics [22] and FGF Trap, a decoy receptor of FGF2 containing domains 2 and 3 of FGFR1 in its Fab fragment [23] , were included as positive control drugs. This study provides experimental bases for further development of RC28-E into a novel drug to DR. 
MaTeRIals aND MeTHODs animals
Diabetic Induction
The rats were injected with 2% STZ dissolved in sodium citrate buffer (pH 4.5; Amresco Chemical Co., Solon, OH, USA) at 45 mg/kg through vena caudalis to induce diabetes. At 72h following the injection, the rats with the blood glucose levels higher than 16.7 mmol/L were considered diabetic and included in the subsequent experiments (n=240); whereas the normal controls (n=40) were intravenously injected with an equal volume of sodium citrate buffer.
Animal Grouping and Intravitreal Injections
The diabetic rats were randomly divided into 6 groups (n=40/group): the DM group (saline, 3 μL/eye); VEGF Trap group (VEGF TrapEye, Regeneron, Tarrytown, NY, and Bayer HealthCare, Berlin, Germany, 1 μg/μL ×3 μL/eye); FGF Trap group (FGF Trap, Remegen Co., Ltd., Yantai, China, 1 µg/µL ×3 µL/eye); low dose RC28-E group (RC28-E, Remegen Co., Ltd., Yantai, China, 0.33 μg/μL ×3 μL/eye); medium dose RC28-E group (1 μg/μL ×3 μL/eye); and high dose RC28-E group (3 μg/μL× 3 μL/eye). The normal control group (saline, 3 μL/eye) was also included. All the animals were intravitreally injected in the right eye with the corresponding solution with a microsyringe equipped with a 33 Gauge needle as previously described [24] [25] . The intravitreal injections were performed at week 1 and 4 following the intravenous injection.
Physiological Parameters of Streptozotocin-induced Diabetic Rats
The body weight of all the experimental RC28-E protects early diabetic rat retina animals were recorded on the weekly basis. The blood glucose levels of all the rats were measured at day 3 and week 6 after the intravenous injection of STZ or sodium citrate buffer. At week 4 following the induction of diabetes, the averaged daily water consumption of the diabetic rats and normal counterparts was monitored for 2wk.
Trypsin Digestion of Retina Followed by TUNEL Staining
At week 6 after the intravenous injection, the rats were deeply anesthetized, the eyeballs were fixed in 4% paraformaldehyde (PFA) at 4℃ for 72h. The intact retinas were isolated under a dissection microscope and gently shaken overnight in deionized water at room temperature (RT). The retinas were then transferred to 1% Triton-X 100 (Sigma-Aldrich, St. Louis, MO, USA) and shaken for 2h at 37℃, after which they were subjected to a 2-3h digestion at 37℃ with 3% crude trypsin (Amresco Chemical Co., Solon, OH, USA). Subsequently the retina was mounted on the slide with photoreceptor side upwards. It was extensively flushed with drop-wise deionized water from a curved needle mounted on a 1-mL syringe till the parenchyma was substantially exfoliated, revealing a translucent retinal vascular network. The vascular network was air dried and underwent TUNEL staining using an In Situ Cell Death Detection Kit (Roche, Branford, CT, USA) according to the manufacturer's protocol. After the staining, slides were mounted, pictures taken, and TUNEL positive signals analyzed as described previously [25] .
Immunofluorescence of Glial Fibrillary Acidic Protein
Staining The rats were anesthetized and perfused through left ventricle with cold phosphate buffered solution (PBS) and 1% PFA. The eyeballs were fixed in 4% PFA for 1h at RT, washed with PBS, dehydrated in 10% sucrose for 1h and 20% sucrose for 2h, cryo-embedded in OCT. (Sakura Finetek, Torrance, CA, USA), and stored at -80℃. The comparable part of the frozen eyeballs was cryo-sectioned (5 μm in thickness). The sections were incubated with a primary rabbit polyclonal antibody to glial fibrillary acidic protein (GFAP) (1:1000, Abcam, Cambridge, MA, USA) at 4℃ overnight. After extensive washes, the slides were stained next day with an Alexa 594-conjugated secondary antibody (1:2000, Abcam, Cambridge, MA, USA) at RT for 2h. The slides were mounted with 4',6-diamidino-2-phenylindole (DAPI)-containing ProLong Gold Antifade reagent (Life Technologies, Beijing, China) and photographed under a fluorescence microscope (BX51; Olympus Optical Co. Ltd., Tokyo, Japan) as previously described [25] [26] . Evans Blue Assay The BRB breakdown was examined by Evans blue assay at week 6 after the diabetic induction as described elsewhere [24] . Briefly, the rats were injected with Evans blue solution (Biotopped Co., Ltd., Beijing, China) through tail vein. At 2h after the injection, blood (1 mL) was collected from inner canthus and centrifuged. The supernatant was diluted (1:100) with methanamide (Amresco Chemical Co., Solon, OH, USA). The absorbance at 620 nm, with the correction at 740 nm was measured by an Infinite 200 PRO Multimode Microplate Reader (Tecan Group Ltd., Männedorf, Switzerland). The concentration of Evans blue in the blood was calculated. Then the rats were thoroughly perfused with warm sodium citrate buffer. The retinas were isolated and dry weight recorded. The Evens blue dye leaked into the retina parenchyma was extracted with methanamide. The portion with low molecular weight was enriched by ultrafiltration. The absorbance of the filtrate at 620 nm with correction at 740 nm was measured as described above. 
Transmission Electron Microscopy
The eyeballs, with anterior segments removed, were fixed in a pre-cooled 2.5% glutaraldehyde solution (pH 7.4) followed by 1% osmium tetroxide solution. Then the samples were dehydrated in graded ethanol solutions, treated with propylene oxide, embedded in Epon812, and subjected to ultra-thin sections (about 50 nm). The sections were subsequently stained with uranium acetate and lead citrate, and photographed by a Hitachi-7500 transmission electron microscope (Hitachi, Tokyo, Japan). Enzyme-linked Immunosorbent Assay At week 6 following the intravenous injection, total proteins of the rat retinas were extracted using a Tissue Protein Extraction Kit (CWbiotech, Beijing, China), and the total protein concentration was determined using a BCA Protein Assay Kit (CWbiotech, Beijing, China). The content of VEGF and FGF2 protein in the retina samples was determined by enzyme linked immunosorbent assays (ELISAs) according to the manufacturer's protocols (Rat VEGF Quantikine ELISA Kit, cat. RRVOO; Mouse/Rat FGF basic Quantikine ELISA Kit, cat. MFB00; R&D systems, Minneapolis, MN, USA), the protein concentration (pg/mL) of VEGF and FGF2 was normalized to the total protein concentration (mg/mL).
RNA Extraction, Reverse Transcription and Quantitative
Polymerase Chain Reaction At week 6 after the diabetic induction, total RNA from rat retinas was extracted using a TRIzol Plus RNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA), the concentration and purity of total RNA were determined with a Nanodrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Of 1 μg total RNA was reverse transcribed into cDNA using a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). The quantitative polymerase chain reaction (qPCR) reaction mixture contained 3 μL of cDNA template, forward and reverse primers of target genes (Table 1) , and 5 μL SYBR Green FastStart 2X Master Mix (Roche, Branford, CT, USA). The qPCR was performed as previously described [24] [25] . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as reference gene. The data were analyzed by 2 -ΔΔCt method.
Statistical Analyses
The statistical analyses were performed using SPSS 13.0 software (SPSS Inc., San Diego, CA, USA). The normality of quantitative data was confirmed by ShapiroWilk test, and the data were expressed as mean±SD. The homogeneity of variance was verified by Levene test. Then the differences in physiological parameters between DM and normal rats were analyzed by Two-way ANOVA followed by Tukey post hoc; other quantitative data were analyzed by oneway ANOVA followed by Tukey post hoc. A P value less than 0.05 was considered significant. ResUlTs Physiological Parameters During the first 2wk after the diabetic induction, the body weight of diabetic rats showed a slight decrease, and then increased slowly till week 4 following the induction, and remained stable thereafter. By contrast, the body weight of normal rats exhibited a close to linear increment, and was significantly higher than that of the diabetic rats at each time point (all P<0.01; Table 2 ). Three days after the intravenous injection, the blood glucose of diabetic rats was 25.97±4.98 mmol/L, being significantly higher than that of the normal controls (P<0.01); at week 6 following the injection, it increased to 32.05±2.65 mmol/L.
Whereas the blood glucose levels of the normal controls at the 2 time points were 8.04±0.95 mmol/L and 6.60±0.74 mmol/L, respectively ( Table 3) . As for water consumption, the averaged volume of drinking water of diabetic rats was 3-4 fold that of the normal control group (all P<0.001, DM vs normal; Table 4 ).
The Apoptotic Cell Death in Retinal Vascular Network
The retinal vascular networks were outlined by DAPI counterstaining of cell nuclei (Figure 1 ). No apoptotic cell death was detected in the normal group; whereas the number of apoptotic cells was significantly increased in the retinal vascular network of DM group as compared to the normal controls (P<0.01; Figure 1 ). The number of apoptotic cells in low dose RC28-E group was decreased, but was not significantly different from that in the DM group (P=0.110; Figure 1 ). Figure 1 ). The numbers of apoptotic cells in the medium and high doses RC28-E groups and FGF Trap Figure 1 ). The results suggest that all the drugs, including RC28-E, VEGF Trap and FGF Trap have an anti-apoptotic effect in early diabetic retinas, and the medium and high dose RC28-E as well as FGF Trap exert better protection from neurodegeneration than low dose RC28-E and VEGF Trap.
RC28-E protects early diabetic rat retina
Expression and Distribution of Retinal Glial Cell Marker Glial Fibrillary Acidic Protein
In the normal retinas, GFAP was mainly localized to the outer nuclear layer (ONL), with scattered filaments and spot-like staining extending into the outer plexiform layer (Figure 2 ). In contrast, the GFAP staining in the retinas of DM group was predominantly located to the inner nuclear layer, inner plexiform layer, and ganglion cell layer (GCL), and the staining intensity was substantially augmented; moreover, such staining revealed the morphological changes of retinal glial cells, with pseudopodia extending from GCL to ONL, indicating the reactive gliosis in early diabetic retinas (Figure 2) . In all the RC28-E treatment groups and VEGF Trap group, only a little GFAP staining was observed in the GCL. In the FGF Trap-treated retinas, GFAP staining was observed across the retinal layers, but with much less intensity than that in the retinas of DM group (Figure 2 ). These results suggest that RC28-E at all dosages and VEGF Trap may have a greater inhibitory effect on reactive gliosis than FGF Trap in early diabetic retinas.
Blood-retinal Barrier Breakdown and Retinal Vessel Leakage
The retinal vascular leakage, as detected by the amount of Evans blue dye in retinal parenchyma, in the DM group was significantly higher than that of the normal control group (P<0.001; Figure 3 ). Furthermore, treatment of the early diabetic retinas with high dose RC28-E significantly reduced the vascular leakage to the normal level (P<0.001, DM vs high dose RC28-E; P=0.137, high dose RC28-E vs normal; Figure 3 ). However, there was no significant difference in the retinal vascular leakage between medium dose RC28-E, low dose EC28-E, VEGF Trap, and FGF Trap groups and DM group (all P>0.05; Figure 3 ).
Ultrastructural Changes in Retinal Microvessels
In the normal group, the basement membranes of choroidal and retinal capillaries were intact, the lumens unobstructed; the nuclei and collagen fibers in the ONL were neatly arranged ( Figure 4) . While in the DM group, the stratified basement membranes were observed in choroidal and retinal capillaries. The endothelial cells were swelled and protruded towards the lumen, the blood cells were congested, both of which lead to the stenosis and deformation of capillary lumens ( Figure  4 ). Among the RC28-E treatment groups, the most obvious changes lied in the capillary ultrastructures. As the dosage increased, the lumens of choroidal and retinal microvessels became gradually smooth and the basement membrane stratification progressively improved, with the RC28-E at high dose generating the optimal protective effects ( Figure 4 ). In the FGF Trap group, the basement membranes of choroidal microvessels were stratified; the endothelial cells in the retinal vessels approximating the inner limiting membrane protruded toward the lumen, hereby a few vascular lumens were almost occluded ( Figure 4 ). The choroidal capillary basement membranes in the VEGF Trap group were stratified, yet the lumens of both choroidal and retinal vessels were still open ( Figure 4) .
Expression of Vascular Endothelial Growth Factor and Fibroblast Growth Factor 2 Proteins in the Retinas
The expression of VEGF protein in the retina homogenate of DM group was significantly upregulated as compared with that of normal group (P<0.01, normal vs DM; Figure 5A ), however, this upregulation was significantly reduced to the normal level by the intervention of RC28-E at all dosages (P<0.05, RC28-E low dose vs DM; P=0.179, RC28-E low dose vs normal; P<0.01, RC28-E medium dose vs DM; P=0.435, RC28-E medium dose vs normal; P<0.05, RC28-E high dose vs DM; P=0.489, RC28-E high dose vs normal; Figure 5A ). As expected, VEGF Trap, but not FGF Trap, significantly reduced the VEGF protein content in the diabetic retina homogenate (P<0.05, VEGF Trap vs DM; P=0.156, FGF Trap vs DM; Figure 5A ). On the other hand, the FGF2 protein level in the early diabetic retinas was increased as compared to that in the normal controls, and the difference was at the verge of statistical significance (P=0.060, normal vs DM; Figure 5B ). Additionally, low and medium dose RC28-E significantly reduced the FGF2 protein levels (both P<0.05; Figure 5B ), Figure 5B ). These results suggest that RC28-E at all dosages can reduce the concentrations of its free target proteins, i.e. VEGF and FGF2, to the normal levels in early diabetic retinas; whereas the single target drugs can only act on their corresponding targets.
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Expression of Proinflammatory Factors in the Retinas
The expression of the proinflammatory factor intercellular cell adhesion molecule-1 (ICAM-1) and tumor necrosis factor-α (TNF-α) exhibited a similar trend. Both were dramatically upregulated in early diabetic retinas (Both P<0.05, normal vs DM; Figure 6A and 6B), which was then substantially decreased by RC28-E at all dosages (All P<0.05, RC28-E at all dosages vs DM; Figure 6A and 6B). VEGF Trap and FGF Trap also inhibited the upregulated expression of both proinflammatory factors, however to a less extent than RC28-E did ( Figure 6A and 6B). Moreover, no significant difference was found in VEGF transcript levels among the experimental groups, except a trendy increase in the DM group ( Figure 6C ), this result was consistent with our recent study and presumably due to the selection of VEGF reference sequence for qPCR primer design [24] . In contrast, FGF2 mRNA abundance was significantly augmented in the DM group (P<0.05, normal vs DM; Figure 6D ), which was tapered by RC28-E in a dose-dependent manner, although there was no statistical significance among the experimental groups. FGF Trap intervention lowered the FGF2 transcript level, whereas VEGF Trap did not, in early diabetic retinas ( Figure 6D ).
DIsCUssION
The Fab fragment of RC28-E contains extracellular domain 2 of VEGFR1 and extracellular domain 3 of VEGFR2, the structure that is identical to that in VEGF Trap. In addition, the RC28-E Fab incorporates extracellular domains 2 and 3 of FGFR1. The Fab of RC28-E is fused to the Fc portion of human IgG1. Therefore, RC28-E can bind both VEGF and FGF2 with high affinity without eliciting the downstream signaling pathways of either factor [21] . In the current study, we administered the innovative drug RC28-E to STZ-induced diabetic rats, and reported the remarkable protection of early diabetic retina from apoptotic cell death in vascular network, aberrant activation of glial cell, BRB breakdown and vessel leakage, impairment in the ultrastructures of microvessels and neuroretina, and exacerbation of proinflammatory microenvironment.
Intravenous injection of STZ into the SD rats triggered selective death of islet β cells in pancreas, causing hyperglycemia due to the absolute deficiency of insulin secretion ( Table 3 ). The rats also exhibited weight loss (Table 2) , polydipsia (Table 4) , polyuria, hyperphagia, and other typical metabolic symptoms of DM [27] . The STZ-induced type 1 diabetic rat model does not experience self-remission or recovery over time as a result of the STZ-induced permanent destruction of islet β cells. Intravitreal injections of RC28-E, VEGF Trap, and FGF Trap had no significant effect on systemic symptoms and metabolic parameters in diabetic rats (Tables 2-4 ), indicating that these decoy receptors to VEGF, FGF2, or both exert their effects through local, instead of systemic, mechanisms. At the tissue level in the retina of early diabetic rats, intravitreal injections RC28-E at medium and high doses significantly decreased the number of apoptotic cells in the vasculature (Figure 1) , and the protective effects were similar to FGF Trap and better than VEGF Trap (Figure 1 ). On the other hand, the GFAP staining intensity, an indicator of glial cell reactive activation [28] , was substantially subdued by RC28-E at all doses and VEGF Trap; whereas FGF Trap exerted an apparently less inhibition on reactive gliosis under early diabetic condition (Figure 2 ). These results suggest that single target Traps behave differentially on pathological phenotypes in early diabetic retina, and dual blockade with RC28-E at sufficient concentration may generate the optimal effects. Indeed, the transmission electron microscopy (TEM) results revealed dosedependent changes in the ultrastructures of outer and inner BRB, as well as that of outer neuroretina, with RC28-E at high dose providing the best protection (Figure 4) . However, the results of Evans blue assay were unexpected. Although the dye leakage in retina was boosted 1.5 fold under early diabetic condition, all the drug treatments, except that of RC28-E at high dose, did not alleviate the diabetesinduced retinal vessel leakage (Figure 3 ). This could be due to the inappropriate timing for intravitreal injections, in view of a recent parallel study testing the anti-leakage function of a naturally-occurring ocular peptide, α-melanocyte- stimulating hormone in the same diabetic model [24] ; or it could be the insufficient concentrations of the single target Traps to counteract the BRB breakdown and vascular leakage in our rat model of diabetes. At the molecular level, RC28-E, with the high affinity and specificity to both VEGF and FGF2, did significantly reduce the free VEGF and FGF2 protein levels in the early diabetic retinas (Figure 5) , and the levels of both proteins in the groups treated with RC28-E at all doses were similar to those in the normal controls ( Figure 5 ). Whereas VEGF Trap and FGF Trap only normalized the protein levels of their corresponding target (Figure 5 ), implicating the specificity of the blockade. Further, it has been shown that during the stage of nonproliferative DR, to which most of the pathological phenotypes in the STZ-induced diabetic rats belong, VEGF can activate the expression of proinflammatory genes, including ICAM-1 and TNF-α through activation of interleukin 1β and nuclear factor-κB [6] . Therefore, blockade of VEGF signaling with either EC28-E at all doses or VEGF Trap leads to significant downregulation of the proinflammatory gene expression ( Figure 6 ). Moreover, FGF2 is able to synergize with VEGF-mediated signaling pathways [29] [30] , thus sequestering FGF2 with FGF Trap may interfere with VEGF signaling indirectly, thereby also resulting in the downregulation of proinflammatory genes such as ICAM-1 and TNF-α ( Figure 6 ). One limitation of this study is that it is a short term study, and some protective effects, such as the anti-vascular leakage, have not been optimized. Since DM is a chronic disease, it would be necessary in the future study to optimize the dosage and delivery frequency of the novel drug, and examine the relatively long-term protective effects of RC28-E in the diabetic models. Another limitation is that the molecular and cellular mechanism underlying the RC28-E's protective effects remains unclear. It would be interesting to select one of the cell types protected by RC28-E, for instance, retinal microvessel endothelial cells, and identify the signaling pathway mediating the protective effects of this novel drug in these cells.
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In conclusion, RC28-E, a novel recombinant decoy receptor drug blocking the activities of both VEGF and FGF2, reduces apoptotic cell death in retinal vasculature, inhibits reactive gliosis, ameliorates BRB breakdown and vessel leakage, and improves vascular and neuroretina ultrastructures as well as proinflammatory microenvironment in early diabetic retina. These results support further development of RC28-E into a novel and effective drug to DR. 
